Electrospinning allows producing fine polymer fibers with diameters in the range of several hundred nanometers up to some micrometers. While a large amount of polymers necessitates spinning either from melt or from solutions which are hazardous to health and environment, biopolymers and some other materials are water-soluble and thus can be spun from pure water or similar uncritical (i.e. non-toxic, non-hazardous) solutions. Electrospinning from aqueous solutions, however, is from the technological point of view often more complicated than using other solvents, since water evaporates slower and requires careful designing of the spinning process parameters. This article gives an overview of the influence of spinning and material parameters on nanomats produced from poly(ethylene oxide) (PEO, also known as poly(ethylene glycol), PEG), depicting which parameters are suitable for needleless electrospinning, opposite to parameters found in the literature for nanospinning with a needle.
INTRODUCTION


Fibers spun by traditional methods, such as melt spinning or spinning from solution, usually result in fibers with diameters in the range of some micron or smaller. Ultra-fine fibers (finer than 0.3 dtex, i.e. diameters in the range of some hundred nanometers) were produced as stable fibers with random length [1] or continuous filament [2] several decades ago.
Electrospinning, also called nanospinning, is another method which can be used to produce either continuous fibers or fiber mats composed of fibers with consistent diameters [3 -7] . This technology offers a relatively easy possibility to create ultrathin fibers from a broad range of materials, i.e. polymers, composites and even ceramics. Such nanofibers are especially versatile in applications which necessitate large surfaces areas, e.g. for promotion of cell growth in biomedical applications, as a catalyzer [8] , novel filter materials [9 -11] or medical wound dressing [12 -14] .
Electrospinning can create fibers using a needle through which a polymer is pressed which is afterwards drawn to a substrate by an electrical field between needle and substrate. In needleless electrospinning, an electrical field is applied between two wires, one of which is coated by a polymer solution (or melt). The electrical field forces the coating to be drawn to the counter electrode which is shielded by a movable substrate, building so-called Taylor cones, i.e. cone-shaped jets of fibers [15] . The fibers are stretched and thinned on their path between the electrodes.
While typical organic solvents evaporate quite fast, spinning from aqueous solutions results in much slower evaporation processes, possibly leading to wet areas on the substrate and thus undesired agglutinating of fibers. Nevertheless, "green" electrospinning -which abstains from hazardous solvents -is of great interest in recent research. These fibers can either be stabilized in a second step to enhance their water-stability [16 -19] , or the watersoluble polymer serves as a matrix in which a not watersoluble partner is embedded which is co-spun and remains when the water-soluble parts of the fibers are dissolved from the fiber mats [20 -22] .
An interesting water-soluble polymer is polyethylene glycol (PEG or PEO) which is used in a variety of applications, from medicine and pharmaceutics to green wood stabilization to skin creams and toothpaste. PEG is often used as coating or supplement for fibers created from other materials [23, 24] or spun as composite fiber in combination with other materials, such as cellulose, collagen or PVDF [25 -27] . However, reports about spinning of pure PEO fibers are scarce [28, 29] .
An interesting article of Deitzel et al. describes the influence of different concentrations and process parameters on needle electrospun nanofibers from PEG in detail [30] . Since these parameters differ strongly from those useful in needleless electrospinning of PEO nanofiber mats, our article gives an overview of the effects of diverse spinning parameters for needleless nanospinning of PEO.
EXPERIMENTAL
Polymer solutions were prepared from PEO with a molecular weight of 600 000 daltons purchased from S3 Chemicals. The PEO was stirred with distilled water for 2 hours when all clusters are dissolved. Solutions with PEO contents between 2 % and 8 % were prepared.
For electrospinning, the needleless nanospinning machine "Nanospider Lab" (Elmarco, Czech Republic) was used. Spinning parameters were in the ranges given in Table 1 and are defined exactly in the description of the respective results. Tests were performed with 5 -10 ml of spinning solution. The mass per unit area was measured by cutting circles of area 1 dm 2 using a circular cutter and weighing the fiber mats on an analytical balance.
RESULTS AND DISCUSSION
The electrical forces dragging the polymer solution from one electrode wire to the other -or the substrate in front of the ground electrode, respectively -are defined by the voltages between both electrodes and the spinning currents. The currents vary with the voltage as well as with the electrode-electrode distance, as depicted in Fig. 1 . While the current is approximately linearly correlated with the electrode distance ( Fig. 1 a) , it increases stronger than linearly with the voltage (Fig. 1 b) . The dependence of the current on the voltage differs from the finding described in [30] and [31] for needle electrospinning which is attributed to a second-order transition.
The flow rates of the polymer solution have been measured for different PEO concentrations ( Fig. 2 ) and different voltages (Fig. 3) , respectively. For a given voltage, the flow rate drastically decreasing with increasing amount of PEO in the solution.
Careful observation of the spinning process shows that on the one hand, "stronger" Taylor cones containing more material are formed for lower fractions of PEO. On the other hand, the spinning nozzle tends to being blocked faster and faster for higher concentrations. This finding is independent of the nozzle diameter -all nozzles between 0.6 mm and 0.9 mm diameter which belong to the standard equipment of the Nanospider were tested and found to get choked after short times (< 1 min.) for higher concentrations. This results in irregularities in the spinning process, with varying numbers of Taylor cones and thus varying mass distributions on the substrate. On the other hand, higher voltages can be used to enhance the flow rate (Fig. 3) . While the influence of the voltage on the fiber formation will be described later, it should be mentioned here that for the lowest possible voltages which enable "flying" of the polymer material, the Taylor cones are deformed to nearly straight lines. These "jets" seem to be built at irregular, random positions along the wire, resulting in an irregular pattern of substrate areas with a dense fiber distribution, alternating with nearly empty areas. Thus these lowest voltages where fibers start "flying" should be avoided; instead care should be taken during the experiment that proper Taylor cones are formed to enable a regular fiber distribution on the substrate. It is known [30] that the amount of fibers strongly depends on the PEO concentration in the aqueous solution. The concentrations found there to be ideal (~ 10 % PEO content) are higher than those which can be spun in needleless electrospinning. Thus Fig. 4 shows a series of fiber mats gained by spinning aqueous solutions with different PEO contents. As the images clearly show, for a concentration of 2 % the spinning process mostly produces drops, while fiber formation starts at a concentration of 3 %. For 5 % and 6 %, the fiber mats become denser. Finally, for 8 % PEO the fibers are visibly thicker than for lower concentrations, combined with a smaller amount of fibers due to the reduced flow rate (Fig. 2) . The droplet formation for low PEO concentrations can be attributed to the fibers still being wet when reaching the substrate, where they break into droplets due to their surface tension [30] .
However, the fiber mat density and appearance is not only influenced by the PEO concentration but also by the voltage. As depicted in Fig. 3 , it can be expected that with higher voltages, more fibers are placed on the substrate. Fig. 5 depicts a series of microscopic images of fiber mats produced by different voltages.
Fig. 5. Microscopic images of nanospun fiber mats, produced
with different voltages to spin 5 % PEO 600 000 (full caption in the next column) Fig. 5 . Microscopic images of nanospun fiber mats, produced with different voltages to spin 5 % PEO 600 000 in aqueous solution, using a nozzle of diameter 0.8 mm, a carriage speed of 250 mm/s, a substrate-electrode distance of 210 mm and a relative humidity of 35 % For 25 kV, an area was chosen were a high amount of fibers could be found. Here, two thick "vertical" fiber agglomerates are visible which is typical for relatively low voltages and has always been found under these conditions. For 35 kV and 45 kV, large areas with only few fibers are depicted, while for higher voltages these areas are reduced and the mats become more regular. Nevertheless, in all pictures it is visible that there are distinct irregularities.
This means that if such a nanofiber mat is to be used as a filter material, it should be produced with reduced substrate speed to increase regularity and avoid areas with small amounts of fibers and thus large open pores. Fig. 6 depicts the fiber diameters, measured 10 x per sample, for different parameters. In [30] it was shown that for needle electrospinning, the fiber diameters increase with the PEO concentration. This is consistent with the finding that the nanofiber diameter is proportional to the viscosity and can thus be modified significantly by sonication [32] . Fig. 6 a reveals the same behavior, while due to the large standard deviations it is not possible to state whether the relation between fiber diameters and PEO concentration is linear, double-logarithmic [30] or different. It should be mentioned, however, that a large number of the "thick" fibers turn out to be composed of two or more single fibers on closer inspection. [33 -35] , the values measured here without automation are not sufficient to prove this statement for the nanofiber mats depicted. However, the histogram shows three maxima which may be related to the above mentioned fact that fibers sometimes agglomerate and are thus often described with higher diameters than single fibers.
In Fig. 7 , the fiber diameters are depicted in dependence of the spinning voltage for two different nozzle diameters and two different carriage speeds. None of these parameters seems to have a significant influence on the fiber diameter. A slight decrease of the average diameter with increasing voltage is possible but cannot be verified due to the broad distribution of measured values. In any case, these parameters cannot be used to adjust the average fiber diameter. While the areal weight as a function of the voltage is quite similar to the course of the voltage-dependent flow rate (Fig. 3) , the concentration dependence shows a maximum, opposite to the decreasing slope of the concentration-dependent flow (Fig. 2) , but in accordance with Fig. 4 . This can be explained as follows: For low concentrations, the flow rate is high, but nearly no fibers are created. For high concentrations, the flow rate is low, but the material is in most cases adhered on the substrate where it builds a strong fiber mat. An optimum for these two counteracting effects can apparently be found in the concentration range of 5 -6 % PEO.
During peeling the nanofiber mat off the substrate, it was realized that the mats prepared from higher PEO solutions were much more stable; for 8 % concentration the mat could be removed in one part without any problems, while for 6 % care had to be taken not to break it, and the mats prepared from 5 % and 4 % PEO were destroyed during this process. This underlines the importance of choosing the ideal concentration carefully.
Finally, Fig. 9 shows a series of microscopic images taken on nanofiber mats produced at varying relative humidity. For electrospinning, the relative air moisture is said to be crucial; the process is generally claimed to work only at a relative humidity below 40 % which can be hard to reach in not properly air-conditioned laboratories. Other groups have already found significant influence of the relative humidity on the stretching process and thus on the final fiber diameter [36] .
Thus we have performed experiments with PEO concentrations of 3 % and 5 % whilst air-conditioning the spinning chamber from 40 % to 60 % relative humidity.
As shown in Fig. 9 , the solution with 3 % PEO needs a relative humidity of ~ 46 % to form fibers, while for a concentration of 5 %, fiber formation already starts at ~ 52 % relative humidity and increases with lower relative humidity. This means that, depending on the PEO concentration, the relative humidity should maximally be in the range of 45 -50 %, but it not strictly limited to 40 %.
The main impact of too high humidity on fiber formation is based on the problem that the water from the aqueous solution has to be evaporated before fibers can be formed and keep their shape while being deposited on the substrate. If the fibers cannot dry fast enough, they onglomerate on the substrate and form droplets instead of the desired fibers.
Besides, the flow rates and fiber diameters do not significantly differ due to relative humidity, but are constant within the measurement accuracy.
CONCLUSION AND OUTLOOK
To conclude, we have shown that PEO nanofiber formation in needleless electrospinning is influenced by several parameters, with the PEO concentration in the aqueous solution being most crucial, while other parameters such as voltage, electrode-substrate distance, carriage speed etc. only influence the fiber mat density. For PEO 600 000, concentrations between 5 and 6 % were found to be ideal for the formation of a dense, regular nanofiber mat, unlike needle-electrospinning for which significant percentages of fibers were only found at concentrations of min. 10 %. Fig. 9 . Microscopic images of nanospun fiber mats, produced with different relative humidity from 3 % and 5 % PEO 600 000 (continuation of figure and full caption on next page)
Additionally, fiber diameters reached by needleless electrospinning were generally higher than those obtained by needle electrospinning.
Future experiments will concentrate on the influence of the molecular weight and different possibilities to blend PEO with other materials, especially for applications in medicine and energy textiles. with different relative humidity from 3 % and 5 % PEO 600 000, respectively, using a nozzle of diameter 0.8 mm, a voltage of 65 kV, a carriage speed of 250 mm/s and a substrate-electrode distance of 210 mm.
